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PULSED-POWER DIODE GENERATION OF HIGH-POWER MICROWAVES

A. L. Peratt, M. A. Mostrom, T. J. T. Kwan, and L. E. Thode
Advanced Concepts and Plasma Applications Group
Los Alamos National Laboratory
Los A'amos, New Mexico 87545

The generation of microwave radiation at giga-
hertz frequencies in high-voltage pulsec ‘power diodes
has been investigated with electromagnetic particle
simulations. Pulsed power in the form of a 0.5-
1.0 MV, TEM wave is fed to the diode via a 5-cm
diameter cylindrica: stalk onto which a 30-cm
diameter cathode has been mounted. Located some
3-5 cm in front of the cathode is a foil anode grid.

As the TEM wave propagates between the stalk and
an outer cylindrical cage (70-cn diameter) a stream
of electrons are emitted off the stalk when the local
electric field axceeds 200 kV/cm. This flow is then
magnetically insulated and confined by the induced Be
fields resulting from the 25-50-kA current flow
within the stalk. Cenvex shaping of the cathode
surface allows the omitted electrons to form @
virtual cathode beyond the grid, then phase buuch ta
produce narrow bandwidth 1-GHz microwaves over an
area equal to that of the cdathode. The electro-
magnetic radiation from the dipole-like electron
=.i.onk centered on the grid, which follow closely
the classical  Barhnausen-Kurz description, are

reported.

Introducticn

The development of high=-curreni, pulsed-power
accelerators has  spurred interest ‘n the use of
intenne relativistic electron beams to produce micro-
waver.  Electron beams at multi-terawatt power levels
and mega~electron-volt energies make it possible (o
raise the power of electronic microwave devives by
several orders of magmatude,  One mechanism by which
ultva - nigh=-power microwaves may he produced in a
prlned-pover gercerator {x the formation of a reflect-
ing electron aystem. The advantages of a reflecting
electraon gymtem include: emitted power maxima in the
abesnes of sxternal guide magneije fieldun, monothro-
maticity, tunability, and configuration wimplicity.

o {te wimplest form, a reflecting electron
ayntem counintn of & cathode and a semi-tranwparent
grid/anode.  Flectrons emitted from the cathode are
accele-ated by a voltage pulae applied to the anode-

cathode gap, pawsn through the grid/anode, and form a

virtual cathode. As a result of the po.:tive poten-
tial on the anode, electrons reflected by the virtual
cathode are accelerated bacii through the anode and
then oscjllate between the real and virtual cathodes.
The mechanism described above was first utilized and
described by Barkhausen and Kurz to produce low-power
centimeter waves as early as 1920 [1].

More recently, power levels approaching 100 MW
at frequencies in the range 2-13 GHz, with electron
beam power conversion efficiencies between 1.5 and
12%, have been 1eported from expsriments utilizing

low impedance pulsed-power gencrators [2-5].

24-D Electromagnetic Particle Simulations

The system under investigation concerns the
modeling of a 13-cm radius, convex face cathode
spaced 3-5 cm away from a4 transparent anode. A
750-kV to 1-MV pulse is applied to this diode config-
uration at time zero in the form ot a TEM wave
launched into a coaxial vacuum chamber.  Figuie 1
illustrates geometry under consideration. Azimuthal
symmetry is assumed for the sequence of events
described below. The computer code used here i
CCUBE, a 2h4-dimensional, relatyvistic PIC code [6].

The launched TEM wave (triangular-shaped in
time) enters the left-hand aperture and propagstes
within a vacuum retjon defined by sn outer conducting
boundary of radius JIh=cm and au inner conducting rod
(ntalk) ot radivsy 2.5 ¢m, Flect: snx emit off the
cathode ntalk whenever the local electric faeld
strength on any part of the inner (cathode) boundary
exceeds 200 kV/em, A stresn region for election
emisnion occurn near the left-hand apertine at early
times and continuen to supp'y electrons during the
caurne of the mimulation. At time t = 3.2 nx, the
vathode face hegiun to emit electronn in sncreasing
numhers, an illuntrated in the aubrequent time trames
of Fig. 1. (The "light-up" and eminxion of the
cathode fn more wntform than indicated fn thio f1gure
an only the electrons comtug off every third simula-
tion vertex point, along tbhe cathode wurface, are
plotted,)

For timen greater than 1.6 nn, a condurting path
through the outer  wall-suode-cathode allows  the

electrical current flow through the cathode stalk to
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Configuration apace nequence of reflecting
electron system Thi+ tigures are azimuth-
ally symmetiic about the horizontal axis,
The frames fllustrat.ed correspon’ to times
of 1.6, 3.2, 4.8, o, 4, and 8.0 nk, renpec-
tively. The vertical and horizontal axes
are calibrated in centimeters, Thin data
correnpouds to a J-MV pulse snd a 3-vm gap

establish a magnetic blanket around this rod from the
self-induced azimuthai field. The subsequent elec-
tron emission from stress regions near the aperture
are confined to the stalk region as a result of the
magnetic insulation.

The field-emitted cathode electrons are acceler-
sted through the anode then buncn up to form a
virtual cathode cloud beyond the anode. The virtual
cathode is formed at a distance slightly greater than
the anode-cathode gap spacing beyond the anode. The
virtual cathode forwation is determined by the space
charge limitiag current parvamet:r.

The space charge limitiag current for a solid

beam within a conducting cylinder is given by [7)

3/2
Y2 2R/ S

y= (1 - 82)_]/2, B = v/c for electrons with

velocity v, R = 22.6 cm it the boundary rad:us beyond

wvhere

the anode, and a is che radius of the relativistic
electron beam. For a 1-MeV cathode emitted electron
beam whose appirozimate radius is 10 cm, ISC = 7.4 KA.
This value .s an estimate based upon the assumptions
of a uniformly solid rlectron beam forming a virtual
cathode layer within a coaxial! outer conductor. In
the cimulation figures (Fig. 1), the elcctron beam
emitted off the cathode i6 neither entirely unitorm
not solid. Add.tionally, a fraction of the rlactron
flow is bled anff by the outer conducting walls beyond
the virtusl cathode. Recause of this, Roguwski coi

and Fareday cup simulation diagnostics yirld diode

currents somewnat higher than 1 A diode current

s¢
of 2/ wA in wmrasured in the limu;nliun pertaining to
Fig. 1.

Figure 2 iliustrates the phase-space sequence o
the retlecting systam, At time t = 3.0 ns the elrc-
trans have reached a meximum velocity at the anode
then, after having pansed thiough the anode, hegin to
decelerate. At t = 4.8 na, tI virtual cathode has

started to form and a8 pumber of electrons  are

reflected back futo  the anode. More energetic
electionn excape the system thirough the open right-
hand houndary.  Those electrons trapped within the
poten' ial trovgh centersad on the anode undergo oncil-
latfonu at an aversge cytle time of about 0.66 nn.
Theae omcilletionn are well-satablished by a time
R nu after pulne lsunching.

In  addition to the cyclic  phase  dehavion
depicted fu Fig. 2, the virtual cethode alwe oscil-

lnten with a "whip-1like” wotion (the foward cloud
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Fig. 2. Phase-space sequence of the forrmation of
reflexing electrons betwsen cathode and
virtual cathode. Same parameters ax Fig. |
The ordinate is given in unita of yj.

diaplacement f{s wmuh more rapid then the outward
cloud displacement along the horizontal axis). HNow-
ever, for this configuration, the radia'jon from the
virtual cathode oncillations (s weak relative tu the

reflexing electron source.

The microwave radiatior and poynting flux from
the nearly axial oscillating electrcns are recorded
by both radial electric field an azimuthal magnetic
field probes that are locates throughont the entire
simulat.on region. The aszimuthal magne*ic field
scasured by a probe located 6 cm off axis at the
right-hand boundary is shown in Fig. 3a. A Fourier
apalysis of the temporal behavior of this field is
illustrated in Fig. 3b. The radiation emitted during
this sisulation was primarily at 1.52 GHz.

Additional simulations were run for a variety of
pulse amplitudes and gap spacings. The radiation
frequency dependeacy versus the square root of the
voltage pulse is given in Fig. &4 for an anode-c2thode
gap of 3 cm. Not shown is the frequency dependency
of the relatively weak radiation when the pulse
voltage was less than 1 MV for a 5-cm gap. Also
shown in Fig. 4 are the experimental measurements of
Mahaffey, et al who reported a frequency dependency
f ~ Vngn, where V is the anode voltage, D is the
cathode-virtual-cathode spacing, and n is a number
0 <n S [2). The diode geometry consisted of a
8.4-cm  solid flat-faced carbon cathode spaced
0.8-1.6 cm from a transparent anode to which a 50-ns,

250-350-kV pulse was applied.

The striking feature o1 the experimental results
shown in Fig. 4 is the variation of micrewave fre-
quency with applied voltage. Additionally, 1t has
been reported that the frequency depends on the shape

of the cathode [2] or anode |3}). The simulation
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Fig. 3. Time variation and frequency wpectrum of the
srimuthal magnetic field weasured at  the
middle, right-hand=side boundary ot the
siwmulation region. The nmpl&}ude of the
field is given in units ot wc/wp.
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Fig. 4. Average frequency vs. the square root of the
applied wvoltage for three experimental
anode-cathode spacings and one szimulation
spacing.

results  agree with  this  behavior although the
frequency-voltage dependency is weaker than that
found in the lower voltage experimental situations
[2-31. We have also simulated different cathode
shapes and wider (to 35 cm) outer Uoundary radii
beyond the anode. Frequencies as high as 3 GHz were
observ'd with these variatjons.

The impedance of the diode was measured by plac-
ing voltage/current probes along the outer boundaries
of the s 'mulation region. While the time-varying
impedance tended ro be spikey, & r~sult of the
complex diode power flow and emission character-

istics, the average impedance was abou 25 2.

Conclusions
A 2%-dimensional, electromagnetic PIC treatment
ot 8 retlecting electron system in a pulsed-power
gruerator has been carried out *o study the produc-
tion of ulvra-high power microwaves. The system
ulilizes magnetic-insulation in  the process of

del-vering energy to the cathod-s-transparent-anode

diode. Radiation from electrons trapped with a
megavolt potential well of approximately 6 cm total
extent is observed st 1.52 GHz. The simulation
results reported here are in apparent agreement with
earlier reported high-power microwaves from a clc:cely
related experimental setup. In particular, a
frequency dependency on the applied voltage and
anode-cathode gep is measured, as well as a frequency
variation due to the diode shape. Simulation
improvements presently under study include the
effects of electron scattering from the anode and the

closure of the diode region due to inflowing plasma.
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